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1. INTRODUCTION

In recent years, considerable cffort has been expended at The Acrospace \
Corporation Acrophysics Laboratory to design theoretical models for computer ]
calculations of the bchavior and performance of BF chemical lasers, both
pulsed and continuous. 1n order to perform such calculations, the rate coef-
ficients of the varioue chemical reactions and cnergy transfer processes that
occur must be known, or at lcast estimated. To this end, the Chemical
Kinetics Department has attempted to maintain an up-to-date compilation of
the rate cocfficients that reflects the best current information available from
publishcd and unpublished theoretical and experimental work. When direct 1
information has not been available, theoretical techniques for estimating rate
coefficients based on various a priori principles or estimates based on com-

parison w.th rcvlated reactions with known rate coefficients are applied.

’ This report is the sixthof a series prepared by the Chemical Kinetics |
Department during the past four years in which the kinetics of hydrogen halide {
laser systems are reviewed [Cohen (1971, 1972, 1974); Cohen and Bott (1975,

19763]). TFor the users' convenience, each report is self-contained, obviating

iy aabeitd

recourse to the preceding reports, However, as additional information has

become available, or as interests have shifted slightly, certain issucs dealt
with iz earlier reports did not nced to be covered again, and, to this extent, i

these reports are not comple“zly cumulative in scope.

Hyvdrogen-halide kinetics and energy transfer is a ficld in which there
is great activity, and new results are continually becoming available. There-~
fore. it is inevitable that information in this report will soon be out-of-date,
perhaps before it is disseminated. To minimize this problem, reference is
made to unpublished data and reports when appropriate, The assistance of
many colleagues who have provided preprints cf their work is gratefully |
acknowledged. The literature survey for this review was completed in
June 1975,
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The scope of this survey includes all reactions of interest in an
HZ-FZ chemicai laser system., Thus, chemical reactions and energy-trans-
fer processes involving other hydrogen- or fluorine-containing compounds
have been omitted. In most current chemical kinetics computer programs,
rate coefficients are entered in the form ATnexp(-E/RT). In this -ecport,
therefore, all coefficients have been made to fit this form, even when data
or theory suggest a . different temperature dependence. The primary purpoae
here is to present data for computational purposes, rzther than to unravel
the theoretical significance of the findings. Joint Army, Navy, and Air
Force (JANAF) data have been used for thermoche;nical quantities, with
Ka,b
coefficients. Units of cubic centimeters, moles, seconds, and calories are
generally used throughnut., In fitting data with analytic expressions, particu-
lar attention has been given to the temperature range 300 to 1000 K; higher

= ka/kb used to express the equilibrium conctant in terms of the rate

temperatures are not of practical interest, and lower temperatures are
largely devoid of data. Extrapolation of the recommended rate coefficients

outside of this range should be carried out with caution,
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I. DISSOCIATION-RECOMBINATION REACTIONS

A. _1_12 DISSOCIATION

Hydrogen dissociation and recombination rates have been widely
studied since the first room-temperature measurements were made in
1929. The data have been summarized and reviewed critically by
Baulch et al. (1972), Because these rcactions are only of slight importance
in laser systems, which are generally at low (<500 K) temperatures, all
the experimental evidence is not tabulated here. Shock-tube studies of the
following reactions have becn made by Jacobs, Giedt, and Cohen (1967)

in the temperaturec range 2900 to 4700 K.

H+H+Ar:H2+Ar (1a)

H+H+H,=H, +H (1b)

2

H+H+H=H2+H (1c)

Their review of previous shock-tube data showed that the results of various
experimenters disagreed by factors of about 3, 5, and 10, respectively, for
Ar, H, and HZ as chaperone gases. (The siiock-tube experiments actually
involved the measurement of hydrogen dissociation. However, it has been
customary to report the results in terms of a recombination rate.) I- all
three cases, their results lie in the middle of the range of values. They
reported kla =10 T 7, kib s kla' and klc = 20 kla' Their values s
for km and klb' extrapolated to room temperature, yield 3.3 and 8.2 X 10
cc/mol-sec, respectively. In four decades, the room temperiture value
ofklb has ranged from 3.2 to 72 X 1015.

and Kaufman (1970) [sce also Trainor, Ham, and Kaufman (1973})] have

Most recently, Ham, Trainor,

e e s TP iy 0 ey
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measured k, _ and k{, in a flow system using an isothermal catalytic probe

over the temperature range of 77 to 300 K and found temperature dependen-

= -0.6
cies of T geict and approximately T Bt

b
300 Kof 3,3 and 2,9 X 1015 cc"/molz-scc. Their results, extrapolated to

, respectively, with values at

the temperature range of the experiments of Jacobs, Giedt, and Cohen (1967),
agree with the results of the latter workers within 35%., Because the lower
temperatures are of more interest in laser chemistry, the results of Ham,
Trainor, and Kaufman (1970) are weighted heavily. The expressions

Ky, = 6.2x1007 170 % ana i = 9.4 % 1076179~ 81 (it both high- and low-
temperature data within about 10%. The numerous results are not tabuleted

here: further citations are given by Baulch (1972).

Of the several room-temperature measurements of k the most

reliable seems to be that of Bennett and Blackmore (1968). 1c‘I‘hey obtained
an upper limit of 2,5 X 1015 cczlmolz-sec in a discharge flow systemn using
esr for atom dztection, suggesting that klc has a maxi.mum value some-
where in the temperature range 1000 to 3000 K and is relatively unimportant

112 . :
1s consistent

at low temperatures. The expression klc =1.2X% lOMT
with the upper limit of Bennett and Blackmore (1968) ard agrees with the
low-temperature end of the shock-tube experiments of Jacobs, Giedt, and
Cohen (1967). Thqrefore, it is probably a reasonable expression in the
temperature range of interest, although it is not useful above 3000 K. This
expression is recommended in Appendix 1, subject to mcdification when more

vxperimental data become available.

B. EZ DISSOCIATION

A thorough critical review of the dissociation-recombination of FZ
and Cl, was published by Lloyd (1971); repetition of his work has been kept
to a m;‘nimum here. .

In recent years, several shock-tube determinations have been 1nade

of the rate of F, dissociation (Table 1).

2

F,+M=F+F+M (2)

-~
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Table 1.
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Althoug! the numerical values of the rate coefficient have generally been

in agrecement, within the experimental uncertainties of the various deter-
minations, the temperature dependencies of the rate coefficient have been
noticeably inconsistent. The various results are sumimarized in Table 1,
The rate coefficients calculated from shock-tube data are plotted (Fig. 1);
the recombination rate coefficients have been calculated and extrapolated to
lower temperatures (Fig. 2). The extent to which the F, bond energy
exceeds the average experimental activation energy is disconcerting. This
discrepancy becomes important when calculating the rate coefficlent for

F + F recombination from 1(4' -4 and k4 and extrapolating the results to low
temperatures. The problem is compounded by the uncertainty in the bend

dissociation energy of F,.

Although a critical review of the bond strength of F, is outside the
scope of this report, it is evident that the possible uncertainty in such a
fundamental datum leads to ambiguities in several thermochemical and
kinetic values important to this study. In 1968, a National Burcau of
Standards committee recommended 37.76 kcal/mol for Dggs(l’z): since

1965, the JANAF committec has recommended 37.72 £ 0.8 kcal/mol. (The
o
0
Here, 38 kcal/mrol is used; in view of the uncertainties, a third significant

dissociation encrgy at 0 K, D,, in cither case is 1.0 kcal/mol smaller.)

figure is unnecessary.

With a value of 38 kcal/mol for D(2)98(F2)’ all of the shock-tube values
for the activation energy of I-‘Z dissociation in an Ar bath lead to a strongly
negative temperature dependence for F-atom recombination, which results
in unrcasonably large values near 300 K. Therefore, for calculations, we
prefer the theoretical value calculated by Shui, Appleton, and Keck (1971).
Their results agree numerically with the shock-tube data of Johnson and
Britton (1964) but lead to «.n activation encrgy of 35.1 kcal/mol and a pre-
exponentiai factor of 1013' 7. Until direct measurements near 300 K are

available, k::‘r » 1013° ‘ exp(-35, 100/RT) is recommended. which implies

12
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that kAT at 300 K is 10'* 0.

suggests log kﬁ{

A recent report by Ganguli and Kauftman (1974)
~ 13.5 at 300 K, which is8 smaller than the recommended

value for k_4 by a factor of =3.

As a result of their recent work, Breshears and Bird (1373) have

concluded that kfz/k:\r is approximatecly 2.7 in the temperature range 1400

to 2600 K. However. an examination of Fig. {, in which all the shock-tube
dissociation data are plotted, shows that their data are not greatly sensitive to
this ratio; therefore, considerable uncertainty must be assigned to this value.
Data on the rate of T 2 dissociation with M = H, liz, or F are not available.
From an analogywith the findings incases of other homonuclear diatomics such
as Clz, Brz. HZ' 02, and NZ' itis expected that F atoms will exhibit a large

F

efficiency relative to Ar: k, = 10 k?r is assumed in this report.

If it is assumed that the primary recombination mechanism for F
atoms is, as is believed to be the case for I atoms, the radical-molecule

mechanism
F+M-~FMx%

FM* 4+ F~'FZ+ M

then some qualitative statements can be made regarding the relative effi-
ciencies of H and HF as chaperones. For example, H atoms would be
cxpected to be somewhat more efficient than Ar because the strong H-F
bond would favor formation of FM#*, where M = H, The effect on HF
chaperone cfficiency would be much less p-onounced. Therefore, in this
report, it is tentatively assumed that H atoms are three times as efficient
as Ar and that HF is equal to Ar in efficiency. Other species are assumed

to have the same efficiency as Ar,

Figure 2 is significant in demonstrating that a relatively small dis-

crepancy in k at shock-tube temperatures can lead to an unacceptably large

15




v
divergence of extrapolated values at room temperature. When the
uncertainty in the F, bond dissociation energy (and, therefore, the equilib-
rium constant) is taken into account, the necessity for a reliable direct
measurement at 300 K becomes apparent. For the present, however, it
must be accepted that the room-temperature recombination rate is uncer-

tain by at least an order of magnitude.

C. HF DISSOCIATION

The rate of HF dissociation
HF +M=~H+ F+M (3)

was first measured by Jacobs, Giedt, and Cohen (1965) in the shock tube at
temperatures of 3800 to 5300 K. They reported a rate coefficient for Ar as
chaperone in two forms: k?r = 1019'05T'lexp(-Do/RT) or k?r = (055~ T
T-Zexp(- DOIRT). where Do' the dissociation energy at 0 K from v =0, is
currently taken as 135.1 kcal/mol. (At the time of their study, a slightly
smaller value of 134,11 kcal/mol was accepted.) Subsequently, Blauer (1968)
performed similar shock-tube experiments over the temperature range

3700 to 6100 K and obtained a rate coefficient smaller by about a factor of 2,
with a pre-exponential factor of 10"'8'67'1’-1.

by Brown (NBS Report No. 10-635), who concluded that therc was no basis

The two studies were reviewed

for preferring one result to the other. Brown assembled all the data of

both studics in one plot (Fig. 3).

Because of advances in the knowledge of related rate coefficients, it
is worthwhile to re-examine the data of Jacobs, Giedt, and Cohen (1967) to
determine if their conclusions are still valid, They deduced the value of k3 by
computer modeling the profile of (HF)/(HF)_, where the denominator is the
initial HF concertration. Although their model included all five reactions
occurring in the system, i.e., HF dissociation-recombination, H2

dissociation-recombination, FZ dissociation-recombination, B + HF, and
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F + HF, they found that two of the five reactiong did not contribute
measurably to the overall kinetics and could be !gnored. The system of

significant reactions, therefore, consists of

I~II-"+M3"=.‘.I—I+I-‘+M3'i (3-1)
H+HF=H2+F (4)
H,+ M S=SH+H+M, . (1-1)

2 1,1 1,i

Reaction (1) was considcred as three scparate processcs, (ia), (1b), and
(ic),as defined earlier, where a, b, and c represcent, reépcctivcly. M = Ar,
HZ' and . M3

present because no experimental basis was found for assigning diffcrent

was assumed to be a weighted average over all species

efficiencies to the different species (principally Ar and HF). The value
they used for k, was 1013 exp(-35000/RT), which with currently accepted
thermochemical values, implics a valuc for the reverse rate coefficient,
k_4, of 5.5 % 1014'1"0'473 exp(-6490/RT). .At presenc,the most probable
value for k.4 is 1.6 X 1014 exp(- 1600/RT) (Section II), wnich yields a value
at 4000 K that is 27.5 times larger than that used by Jacobs, Giedt, and
Cohen (1967), and at 300 K, it is 105'36 times as large,

For kla' Jacobs, Giedt, and Cohen {1967) used 1018°3T-1, which is

about twice as large as the current best estimate, as discussed earlier.
b and klc
klb = 2.47 kla' klc = mkla)' these rate coefficients are also subject to

Furthermore, since they scaled k relative to kla {they used

revision. Current best cstimates put klb at approximately 2.5 kla and
klc = 20 kla' Thus, their k“)

their klc is correct. When these revisions were made in the values for kl

and k4 and the computer profiles rerun, the agreement with the experimental

should be decrecased by a factor of 2, but

profiles was not quite as good. Secveral variations in k, were tried, but none

3
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was found that gave as good agreement with the data throughout the
temperature range as did the earlier set of rate coefficients. However, the
best overall fit is obtained with ky = = 8 X 10'7T™" exp(-111,000/RT) cc/mol-
sec, which is about 30% larger than the previous value of k};F at 4000 K and
about 30% smaller at 5000 K. Hcwever, because of the larger deviations
between this revised rate coefficient and the experimental data, there is
some doubt that this expression is morz useful than the previous one when
extrapolated into the regime of lower temperatures, which is of greater
interest. The large discrepancy between this revised apparent activation
energy of 111 kcal/mol and the HF bond energy will lead to unreasonably
large dissociation rates near room temperature, (This problem was dis-
cussed in connection with FZ dissociation in Section I.B.) Therefore, for
the present, the earlier value obtained by Jacobs, Giedt, and Cohen (1967)

is recommended because of its greater use at low temperatures.
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11I. PUMPING REACTIONS

A. F+Ilz—'HF+H

1, OVERALL REACTION RATE

Until recently, there have been few reports of direct experimental
mecasuremenis of F-atom recactions, partly because of the handling difficulties,
and partly because of the complications resulting from the prezence of molec-
ular FZ in most cases, Experimental studies of the F PHZ reaction fall into
three categories: (a) direct, absolute rate measur:ments; (b) relative, com-
petitive fluorination measurements; and (¢) complex systems in which the rate -

coefficient is inferred by detail modeling.

a. Direct, Absolute Mcasurements

Five separate studies fall into this category. In the earliest, Homann
et al. (1970) produced F atoms in a flow system by the reaction N +NI-‘2-N: +2F
and then introduced H, downstrcam. Ir. some experiments, the disappearance
of F atoms was monitored by titration with CINO; in others, the appcarance of
HF was followed with mass spectrometry. From mecasurements at 400, 360,
and 300 K, an Arrhenius expression of k, = 1.6 x Tk exp(-1600/RT) cc/mol-
scc was obtained with a room-temperature value of 1.1 x 1013. Therc are
a few questionable aspects to this procedure. The poussible disadvantages of
the CINO titration technique have been discussed by Clyne, McKenney, and
Walker (1973). Another question concerns the effect of excess N atoms of
NFZ radicals if the titration reaction producing F atoms is not carried out
under stoichiometric conditions. If NFZ i8 present in excess, it is possible
that H atoms produced in Reaction (4) could rcact with NFz. increasing the
yicld of HF. Since this process is probably fast compared to Reaction (4),
the calculated k4 would then be too large by a factor of upto 2. (The pos-
sibility that N + N}E'2 rcacts to give 2NF, which, in turn, produce N2 + 2F.

should not be discounted, because it would lead to kinetic complications if

the reaction between N and NI-‘2 is not carricd out stoichiometrically.)
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Dodonov et al. {1971) studicd the reaction in a fast flow of He, with F
atoms produced by a hlgh-frequency discharge through F,. H,, diluted with
He, was added downstrcam, and the reaction system was probed by a mass
spectrometer. They observed ncarly complete disappearance of FZ when
the discharge was turncd on, with roughly comparabdble concentrations of
F atoms and SiF, (from reaction with the glass walls) being formed. If the
rcaction rate of H atoms with SiF4 is negligible at room temperature, which
It probably is, then these experiments give a good measure of the value of k4.
for which Dodonov et al, (1971) obtained 1,8 X 1013 at 293 K, with an estimated
uncertainty of 33%, largely resulting from uncertainty in the F atom concentra-

tion measurcment.

Clyne, McKenney, and Walker {1973) produced F atoms in 2 microwave
discharge through flowing CF4 and lle and rcacted the mixture with H,. The
F-atom concentration was monitored by titration with Cl,; the H, concentra-
tion was followed by mass spectrometry. The rate coefficient at 298 K was
1.5 X% 1013 cc/mol-sec, with 50% uncertainty because of considerable expceri-
mental scatter. In the same system, they measured th> rate of F + CH4,
which is of interest in coinnection with the competitive F + H, measurements

to be discussed later, and obtzined 3,6 ¥ 1013, with even larger scatter,

Kompa and Wanner (1972) produced F atoms by the flash photolysis of
WF at 298 K in the presence of H, in a stationary laser cavity, The reactior
rate coefficient was deduced by monitoring the decay of chemiluminescence
from vibrationally excited HF. Thls technique requires the minimization of
the vibrational-relaxation process and of the scecondary reaction of H or H,
with WF_. the decomposition products from WF6. The first of these require-
ments can be met by operating at sufficiently low pressures; the limitation on
pressure then becomes the sensitivity of the optical detection system. The
rate cocfficient obtained was 3.8 x 1013 cc/mol-sec. In the same system,
the rate coefficient for F + CH4 was rcasured to be 4,3 x 1013. A sccond
possible complication i8 not 8o casily disposed of. Kompa and Wanncr (1972)

opcrated at reactant pressures of 0,25 Torr cach of WF6 and Hz {or CHq).
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With a 0, 5% photolysis assumed, the H atoms produced in Reaction (4) would
react with WF6 rather than combine by a three-body process if kH*WF(, = 109
cc/mol-sec, i.e., it the activation vnergy is less than approximately 7 kcal/
mol.  For reaction with WF, the rate coefficient would have to be approx-
imately 100 times larger or more, Since [\VFS]/[WF(’]SO.OI. If cither of
these processes is significant, then the calculated rate cocefficient for the

F + HZ rcaction could be too large by as much as a factor of 2, which is very
possible although the rcactions of H with WF() and WF5 have not been studied.
Also, Igoshin, Kulakov, and Nikitin (1974) have pointed out the possibility

that some F atoms in the above work were translationally bot because of the
low total pressures, also resulting in a spuriously high value for k,. Infor-
mation is not available to evaluate quantitatively the extent to which this might
occur. However, a comparison of the average bond strength in WF‘6 {121 kcal/
mol) with the peak in the WF, absorption spectrum [near 1800 A, according

to Kompa and Wanner (1972)] suggests that the ¥ atoms formed in the photo-
lytic act could casily have 30 kcal/mol excess translational energy, which they
cannot lose before collision with H, (since collision with WF‘6 will not remove

significant translational energy). This excess of translational energy could be

the most serious flaw in the experiment.

Hon, Axworthy, and Schneider (1973) gtudied the recaction of F atoms
with a varicty of potential laser system fuels, including H, and CH,. Rate
cocfficients were obtained in a flow system with F atoms produced by thermal
dissociation of F‘z and monitorced by esr. Thc rate of reaction of F with H,
at 298 K was found to he 1 X 1013 vc/mol-sec; that with CH4 was 2.6 x 1013,

The five determinations, thus, range from 1 to 4.3 X 1013 cc/mol-sec
and are listed in Table 2. At present, the value of Clyne (1973) secems to be
mos! reliable, in spite of the larae uncertainty the authors place on their
result. Thus, a value of k, = 1.5 % 10" cc/mol-scc is suggested by the

four direct absolute measurements.

b, Competitive Studies

The first relative measurements were made by Mercer and Pritchard

(1959). In a thermal rcactor over the temperature range 298 to 423 K, they
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studicd the competition between H, and Cll_l for F atoms initiated by the
photolysis of F,. The consumption of recactants was monitored by mass
spectrometry, The results, together with the other competitive measure-
ments, are shown in Table 3. The results of competitive studics in Fig. 4
were calculated with the value for F o+ Cll4 recommended by Fettis and Knox
(1964) assumed.

Kapralova, Margolin. and Chaikin (1970) studied the competitive fluori-
nation between CH4 and I)z and between Hz and DZ in spherical heated flasks,
diluted with He; the products HF and DF were analyzed by esr. The studies
were conducted at 77, 173, and 293 K for CH, and D, and 223, 253, 293, and
353 K for H, and DZ' The DZICH4 data arc reasonable, but the DZIHZ data
deviate considerably from an Arrhenius plot at 77 K, at which temperature
their deduced rate coefficients are about the same as at 173 K. Furthermore,
their 173 K result differs from the same ratio mcasured by Persky (1973) by
almost a factor of 2. Only the room-temperature measurement appears to be
rcliable. It this result is combined with their DZICH4 expression, a value

. for th: ratio of kF+H2/kF+CH4 is obtained. In Fig. 4, both their deduced
rate coefficient and the result of ignoring the low-temperature data are given.

Foon and Reid (197!} conductcd an extensive series of competitive
fluorination measurements with H2 and a variety of hydrocarbons. They used
a packed, heated vessel to measure the consumption of reactants bw gas chro-
matography. They found that no photo-initiation was required, the F atoms
being produced in sufficient quantities by the equilibrium dissociation of F,.
They measured the rate of reaction with 1, relative to CH, and C,H in sepa-
rate experiments. A third measurcment of the relative rates with CH4 and
Czll(‘ provided an additional check on the internal consistency of the measure- *
ments. However, in spite of the internal agreemeat demonstrated, it is not

obvious how the complication of chain reaction (H + I',) is avoided.

Jonathan ¢t al. ({971c¢) produced F atoms by a discharge through Cf‘q.

then observed the infrared chemilunminescence from vibrationally excited HF

oy e
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produced by rcaction with various reagents, including HZ and CH4. From the

rclative intensities, they deduced relative F-atom rate coefficicents,

Williams and Rowland (1973) formed 18}’ by nuclear reaction; the trans-
lationaily hot atoms were moderated by collisional decactivation, then allowed
torcact with pairs of reactants, one of which was always C,H,. Products were
analyzed by iadio gas chromatography. However, concentrations were never
mecasured directly, but only inferred from the diminution in CHZCHF vield.

Results of the above competitive studics are listed in Table 3. From

d > » | 3 . . .
Tables 2 and 4 can be calculated kF‘+H2/kF+CH4 from thosc studics in which
the two reactions were studied separatcely. With the exception of the result

F+H2/
fall between 0,34 and 0. 88 at room temperaturc, A possible c¢xpla-

of Kapralova, Margolin, and Chaikin (1970), the various values for k
*FiCH,
nation for the high value obtained by Kompa and Wanner (1972) has alrcady
been discussed. The best value for the ratio is probably 0.6 = 0.2.

Mecasurements of the F + CH4 rcaction ratc cocfficient arc given in
Table 4. Th< absolute studics of Kompa and Wanner (1972); Hon, Axworthy,
and Schneider (1973); and Clyne, McKenney, and Walker (1973) have alrcady
been discussed, as has the relative measurement of Foon and Reid (1971).
Foon and Reid studied relative fluorination rates for scveral pairs of hydro-
carbons, ultimately relying on the assumed rate coefficient for the F + C4Hlo
rcaction arrived at by Fettis and Knox (1969) after a carcful review of all the
data available at that time. Foon and Reid's (1971) CH4 rate coefficient is
about 60% smaller than the value recommended by Fettis and Knox (1969).
Howcever, both of these values depend on the assumption that the activation
cnergy for F + higher hydrocarbons is 0, whercas the number actually may
be slightly negative. If it is ncgative by a few hundred calories, then the

calculated value for k would be larger than is gencerally quoted, placing

F+CH
the results of Fettis and Knox (1969) and of Foon and Reid (i1971) in better

agrcement with the other values in Table 4.

One other absolute measuremeat of F + CH_l has been reported by

Wagner, Warnatz, and Zetzsch (1971). They produced F atoms by the reaction
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of N + NF, in the same apparatus uscd by Homann et al, (1970) for the study
of the F + HZ reaction. Their result of 4.9 x l0l3 cc/mol-sec is about 15%

larger than that of Kompa and Wananer (1972).

The measurement of Pollack and Jones (1973), which is somewhat larger
than any of the others (Table 5), was made relative to the rate of the reaction
of F + NO+ M = FNO* + M, a rcaction that does not seem to be sufficiently
well understood at present to serve as a calibration standard for kinetics
measurements., Thus, the besi valuc for the F + CH4 reaction rate co-

efficient at room temperature is probably 4 2 { x l013

cc/mol-sec, making
the best estimate of ky 2.6 £ 1.4 x 10'2, slightly larger than the results of

the direct study.

c Complex Systems

Almost a decade ago, Levy and Copelend (1965) attempted to deduce the -
value of ky from the inhihiting effect of oxygen on the rcaction of H, with F,.

They believed the inhibition was duc to one of two reactions, cither
H +0, +M—~HO2 + M
in competition with the chain propagation ste.p
H+P,~HF +F (5)
or by the analogous

I’+OZ+M~FOZ+M

competing with Reaction (4). Assuming the oxygen reacted with H atoms, they
deduced an activation encrgy for Reaction (4} of 5 te 7 kcal/mol. On the other
hand. the assumption that inhibition occurred by the reaction with F atoms im-

plied an activation encrgy for Reaction (5)of 5to 7 kcal/mol. They concluded, on
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the basis of comparison with analogous rcactions with known activation
energies, that 5 to 7 kcal/mol was too large for Reaction (5), but reactions of
other similar atoms and radicals, i.¢., H, D, and CH, with ”Z had activa-
tion cnergics in the range of 5 to {0 kcal/mol. They concluded, therefore,
that inhibition was by rcaction with F atoms, and Reaction (4) had an activa-
tion energy of 7 kcal/mol with a pre-exponential {actor of 1012 cc/mol-sec
assumed, These calculations were macde by taking the reaction rate coeffi-
cient for H + 02 + M to be IOM' i ccz/mol-scc, and that for F + O2 + M to be
the same. However, since they performed their work, more recent experi-
ments indicate that the rate coefficient for H + 02 + M is about 50 times
larger than was accepted at the time of Levy and Copeland's (1965) work.
Therefore, if the competition is for H or F atoms, the activation energy for
Reaction (5) or {4) would be 1.8 to 3.7 kcal/mol. Since this is reasonable

for the H + FZ reaction, there is no nced to postulate the otherwise unknown
reaction of F + O2 + M, Therefore, Levy and Copeland's (1965) work should
not be taken as suggesting anything about the activation energy of Reaction (4).

Later (Levy and Copeland, 1968) they rejected this conclusion on other grounds.

Rabidcau, Hecht, and Lewis (1972) used a microwave discharge to dis-
sociate H, in a teflon-coated flow system, obtaining about 66% dissociation.
The H + HZ’ in a He carrier, was mixed with a strcam of FZ’ and the reac-
tion was monitored by measuring the H and F atoms by esr spuctroscopy.
Since it was reccgnized that both reacticns, F + HZ and H + l’-‘z, were
occurring, a comnputer program was uscd to simulate the obscerved atom pro-
files and therehby deduce reaction rate coefficients, At room temperature,
best results were obtained by the assumption that k4 =4 81X 1012 and
k., =2.5+20.2X% 1012

5
of foon and Reid (1971) and of Williams and Rowland (1973) but is a factor of -

cc/mol-sec, This result {or k4 agreecs well with those

2.5 to 10 lower than most of the other determinations. Rabideau, Hecht, and
Lewis (1972) gave no indication of the sensitivity of their result for k, to
changes in their result for kg; obviously, a decrecasce in one of these rate

coefficients would induce an increase in the calculated value for the other.
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Igoshin, Kulakov, and Nikitin (1974) determined k4 from the stimulated

emission of HF molecules formerd by the electric-discharge-initiated reaction

between HZ and NF3

which took into account initiation, vibrational energy transfer, spontaneous

in a laser cavity at 195 and 293 K. A computer model,

and stimulated emission, and wall deactivation, was used to match the power
output from the lasing medium. The accuracy of this technique must depend
on the values asswned for the other reaction rate coefficients; however,
Igoshin, Kulakov, and Nikitin (1974) do not give detailed values for individual
rate processes, rnaking it difficult to.asscss the validity of the calculations.
From their two temperature determinations, they calculated an Arrhenius
expression of k, = 9.3 x 1013 exp[-(1080 2 170)/RT) cc/mol-sec. Their

£ cc/mol-sec, almost a factor of 2 smaller

room-temperature rate is 2 X 10
than that of Kompa and Wanner (1972), the largest value reported. Igoshin,
Kulakov, and Nikitin (1974) separately determined the rate coefficient for the
F + D, reaction, which provides an independent chelc3k on the reliability of
their method. They obtained, for kF+D2' 4.9x 10 exp[-(790 * 180)/RT)

cc/mol-sec, giving kHZ/k = 1,88 exp(-290/RT). Two recent direct experi-

D2
m:ental measurements of this ratio jive values very close to 1. 06 exp(360/RT)
or 1.94 at 300 K. The value deducc1 by Igoshin, Kulakov, and Nikitin (1974)

disagrees with these more reliable results by approximately a factor of 2.

d. Theoretical Calculations

Wilkins (1971 and 1972); Jaffe and Anderson (1971); Jaffe, Henry, and
Anderson (1973); and Muckerman (1971, 1972a, 1972b) have reported the
results of high-speed, computer-generated trajectory calculations of the over -
all rate coefficient for Reaction (4); however, these results depend sensitively
on the parar-eters of the potential energy surface used, and since there are
as yet no precise a priori methods for generating such surfaces, the technique
is of little value in generating independent Arrhenius factors for k4. For
determining rate coefficients for the production of individual vibrational-
rotational energy states of product molecules or for examining the effect of

excess reagent internal energy, however, such techniques do provide rough
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*5.
information that might not be available otherwise. Such work is discussed

in more detail later in this review. Before the machine calculations were
made, several estimates and calculations of k4 were published, Orly the
BEBO calculations of Mayer, Schieler, and Johnston (1966) and Mayer and
Schieler (1968) are of interest here. They predicted a rcom-temperature
value for kg, of about 6 X 10“. over an order of magnitude smaller than the

average experimental value.

Two other theoretical studies are of some interest. Tully (1974) studied
the role of spin-orbit effects on Reaction (4). He found F(ZPI/Z) to rsact
almost an order of magnitude slower with HZ, than the ground state F("P3/2).
Klein and Persky (1974) studied the reaction with para-enriched HZ and con-
cluded that the rotational excitation of the HZ molecules slcws the reaction,

but the effect is small., and important only at very low temperatures.
e. Conclusions

The five direct, absolute measurements suggest a room temperature
value for ky of 1.520.5 x 1013
(1970), was obtained for a range of temperatu-es, making it possible to cal-

cc/mol-sec. Only one, that of Homann et al.

culate an activation energy for the reaction. The room-temperature value of
Homann et al. (1970) is 1.0 x 10!3; the competitive studies, together with an
evaluation of the F + CH, rate coefficient, suggests a slightly larger value
of k4. but with correspondingly larger uncertainty. A brief analysis of the
technique of Homann et al. (1970) suggests only possible errors that would

have led them to deduce too large and not too srnall a value of k4.
2, VIBRATIOMNAL PRODUCT DISTRIBUTION

Three laboratories have studied the product Jdistribution of Reaction (4).
Pimentel and his coworkers [Kompa and Pimentel (1966), Parker and
Pimentel (1969), Krogh and Pimentel (1972)] examined the reaction by
measuring gains of appropriate spectral lines in a chemical laser. Polanyi
ard coworkers [Polanyi and Tardy (1969), Anlauf et al. (1970), Polanyi and
Woodall (1972)] and Jonathan et al. (1971c) used a discharge flow system and

made measurcments in a nonlasing medium. The various results are given in
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Table 5. The three groups have converged on the value k4(v = l)/k4(v = 2)
= 0.3. The two gzroups that have measured kylv = 3) and kylv = 2) now sub-
stantially agrce as well with the probable value for the ratio of 0.48 to 0.5,
There is one recent report on the experimentally measured temperaturc
dcependence of the relative pumping rates. Coombe and Pimentel (1973),
using laser tcchniques, found kylv = 2)/k4(v = 1) = 2.14 exp(254/RT) and
k4\'\’ = 3)/k4(v =2)=0.39 exp(117/RT).

Becausc¢ HF concentrations are determined by emission measurements,
the formation rate of HF (v = 0) has not been ascertained in any of the experi-
ments. Recent Monte Carlo computer calculations by Wilkins (1972)(Fig. 5) are of
interest. His results suggest that k,(v = 0) = 0 and that the activation encr-
gics for v = 1, 2, and 3, are, respectively, 1.5, 1.23, and 1.25 kcal/mol,
implying a difference in activation encrgies between k4(2) and k4( 1) of 270
cal/m»l, which agrees with experiment. Since the differences in activation
cnergies arc rather slight, we prefer at this time to assume, for computa-
tional convenience, the same temperature dependence for cach of the k so

that each k4(v) can be expressed as f(v)k » where { is temperature in-

4(total)
depcndent. We accept Wilkins' (1972) result that negligible pumping into the

zeroth vibrational level takes place.

~
Recently, Coombe and Pimentel (1973b) reported the effect of HZ
rotationzl energy on the vibrational energy distribution in reaction. They
found a greater tendency to inversion, especially on the 2 — 1 transition when

the H, was para-enriched (85% para).

Anderson (1970) published in brief the results of a classical trajectory
study of the reaction between H and HF(v) for v = 0...5, showing the threshold
translational cnergy requirced for reaction. Wilkine (1973b), with a Monte
Carlo computer technique, calculated the rates for reactions of the form
H+ UHF(v) ~F + Hz(v’) for v:3,4,5 6andv' =0, I, 2. His results suggest
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k,(v)
Table 5. Relative Pumping Rates for F + HZ L HF(v) + H

k4(v) (300 K)

Technique Reference
= v = | v=2 v =3
-- 1.5 A -- Lascr experiment Kompa and Pimentel
(1968)
-- 0.18 1 <{.,33 Laser cxperiment Parker and Pimentel
(T = 539 K) (1969)
-- ~0.3 1 -- Laser experiment Krogh and Pimentel
: (1972)
-- <0.29 1 20.47 Discharge flow Polanyi and Tardy
(1969)
-- 0. 31 | 0.48 Discharge (low Anlauf et al, (1970)
-- 0.31 1 0.47 Discharge flow Polanyi and Woodall
(1972)
-~ 0. 29 1 0.76 Discharge flow Jonathan, Melliar-
Smith, and Slater
(1971)
-- 0.30 1 0.5 Discharge flow Jonathan et al, (1971c)
~0 0.15 1  0.49 Semi-empirical Wilkins (1972)
calculation/Monte Carlo
0 0.53 1 0.18 Semi-classical Jaffe and Anderson
calculation/Monte Carlo (1972)
0 1.28 1 0.0023 Variational thcory/ Jatie, Henry and

Monte Carlo

Anderson (1973)
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HF(v) + H for Various v as Computed
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that all of these rcactions proceed with a‘ctivatinn energies of approximately
500 to 600 cal/mol and that at high temperatures total probability for reaction
of a given v into all possible v' is about 0.1 .0 0, 2; the rate coefficients are
tabulated in Table 6, The results can be simplified and summarized approx-

imately (within 20 to 30%) by the following c¢xpressions for various k_4(v,v').

= £g(v') (1.9 x 10') exp(-580/RT)

=
»
=
<
1

f6(0) = 0.22, f6(1) = 0. 22, f6(2) = 0,56

f5(v) (1.1 % 10'%) exp(-510/RT)

=
N
(5
<
n

[
(84]
—
o
~—
|

= 0. 36, fs(l) = 0,64, fs(Z) =0

k_g(4,v") = £,(v') (7.4 X 10'?) exp(-460/RT)
£,0) = 0.5, 1,(1h = 0.5, [{2)=0

13 .-0.01

k_4(3,v') = f3(v') (1.62X10°° T ) exp(-835/RT)

f5(0) = 1

B. H+F,—~HF+F

2

In comparison with the previous reaction, experimental work on the

reaction

H + Fz-’HF +F (5)

has been mecager. The data for ks. both experimental and theoretical, are
tabulated in Table 7. There has been only one experimental determination
of k5 over a temperature range sufficient to npermit calculaticn of Arrhenius
14

rate parameters. Albright et al. (1969) obtained a value of k5 =1.2X 10
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|
k .- v") 1
Table 6. Computed Rate Coefticients for H + HF(v) —* Ho(v') + e
k = AT E/RT
v v log A n E, cal/mol
6 0 12,66 -0.03 570
1 12. 41 0.085 540
2 13.02 0.01 565 :
5 0 12.€4 0.015 510 . ]
i
1 12.92 -0.005 575 :
r
4 0] 12.82 -0.44 570 ]
{ 12.10 0.13 380 ]
3 0 13, 21 -0. 01 835 '
2prom Wilkins (1973b) ;
i
3
1
4
3
1
]
1
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exp(-2400/RT) in a discharge flow system at temperaturcs of 294 to 565 K,
using mass spectrometry to monitor species., However, their determination
of the rate coefficient for H + Clz, obtained in the same apparatus at the
same time, is larger than some other evaluations by an order of magnitude

+ 1t by

association.' The measurement of Rabideau (1972) was made in an Hz- I-‘2

at 300 K. therefore, their value of k5 is somewhat subject to "
system in which both Reactions (4) and (5) were occurring. Observed F-
and H-atom concentrations were matched by computer calculations; the best

fit was obtained with their resultant values of k, and kS’ which, possibly,

are subject to greater uncertainty than their qugtcd 25% (k.‘) and 8% (ks).

One carlier, indirect experimental measurement has also beer reported.
Levy and Copeland (1968) examined the kinetics of the Hz- FZ photochemically
initiated reaction at 288 K. 1n the presence of 02. inhibition was noted, which
was accounted for by the reaction H + O2 + M, where in their system M = NZ'
principally. The value of k5 was determined from the ratio of rates of reaction
for H+ F, to H+0, +N,. Assuming a value of 9.2 x T bl cm6-mol'z su:c:-l
for the latter rate coefficient, Levy and Copecland (1968) calculated the value
of ks at 288 K to be 1.8 x 1012. Then, assuming a pre-exponential valuc of
109‘ '. they calculated an activation energy of 1.5 kcal/mol. The rate coef-
ficient for the competitive H + 02 + N2 reaction is not accurately known; at

higher temperatures, N2 seems to be slightly less efficient than Ar [Baulch
6

(1972)], suggesting a value of approximately 5 x 101 el " aae
for the three body process, so that k5 would be approximatcly 0.5 times the

value tnhat they obtained and the activation energy would be slightly larger.

Two theoretical determinations are also listed in Table 7. The BEBO
calculation by Mayer, Schieler, and Johnston (1967) predicts a room-
temperature value for ks that is almost certainly too large by about an order
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